There is wide variability in the shape and size of an individual and their body composition. This partly reflects inherent genetic differences, but to a large extent is determined by the extent to which their intake of energy and nutrients has adequately matched their needs over extended periods of time. SUBJECTS/METHODS: During childhood, the effective partitioning of nutrients to tissues reflects the hierarchy of demand for growth and maturation during critical periods of development. At all ages, the structural relationships at the molecular, cellular, tissue and whole-body levels are indicative of functional capability and the capacity to cope with internal and external stresses. RESULTS: Reliable measurements of body composition and their interpretation can mark health, be indicative of the risk of ill-health and be a direct cause of pathology and disease. The bioeletrical impedance of the body has been used as an indirect measure for body composition, because it is a reflection of both its structural and functional characteristics, but the specifics of the relationships between these considerations still need to be determined. CONCLUSIONS: The measurement of bioelectrical impedance is simple to carry out and is non-invasive. It could be further refined and developed to fully explore and exploit its potential utility in practice.
INTRODUCTION
People come in all shapes and sizes, and this is a reflection of their genomic differences and diverse life opportunities. The variability in shape and size also marks differences in the risk of ill-health among individuals or population groups. 1 Growth, or an increase in shape and size, is a feature of childhood, and it takes around 20 years to grow to adulthood. 2 The growth achieved at every age reflects past nutritional experience, and the next phase of growth builds on that achievement. 3 Earlier constraints leading to poor growth can limit the opportunity to achieve the full inherent potential. At all stages, growth represents a progressive increase in size and complexity, with concomitant changes in body proportions and increasing maturation of function, as the single cell of the fertilised ovum grows to become a newborn baby, which progresses through infancy and childhood to adolescence. 4 The relative pace of these changes follows a strict order within a developmental hierarchy, leading ultimately to adulthood. Thus, growth is a complex, structured process, which is strictly ordered in space and time. 2 For growth to take place, there is an absolute need for energy and nutrients to be available at the cellular level. Energy is used to maintain the metabolic activity of every cell in the system. Further, the characteristic increase in total mass of cells represents net energy deposition. The acquisition of new tissue requires the effective utilisation of available energy, and the form in which the energy is deposited as new tissue is critically important for the quality of growth. 5 A major determinant of the pattern of new tissue acquisition is the availability of a suitable balance of nutrients, which best fits the needs for the formation of one cell or tissue type or another: the nutrient requirements for net deposition of the brain are very different from those for the net deposition of bone, muscle or liver.
It is accepted that among individuals, there is variability in all aspects of healthy growth and development within a range that is characteristically associated with good health. Progressive departures from this range, either smaller or larger, are more obviously associated with greater risk of ill-health. The deviation might be identified as some combination of the pace of growth, the proportions of growth or the ultimate size achieved, but the risk appears greater as the deviation becomes more marked. During adult life, variations in shape and size can be directly related to the risk of health or ill-health. If the departure is sufficiently marked, then size can be readily identified as being unhealthy in its own right, because it is indicative of compromised metabolic integrity that impairs the individual's ability to cope with the everyday challenges associated with the usual acts of daily life. Thus, in terms of body composition, there is a gradient from health to obvious, significant ill-health. Ill-health is evident at the extremes of abnormal shape and size, and the risk of ill-health becomes increasingly obvious as one moves towards the extremes from the healthy range. It is, however, difficult to define the boundary between the functional measures of health, risk of ill-health and frank pathology, and their correlates measured as aspects of shape, size and body composition. One important challenge is the need to be able to correlate the structural changes and the functional changes with greater specificity.
Nutrition is fundamental to life, and good nutrition over prolonged periods is best marked by appropriate measures of body composition. It is a feature of physics and chemistry that the structure of atoms, molecules and systems determines how they behave and interact. Similarly, in biology, at every level of organisation, there is an interdependent relationship between structure and function: from the molecular and cellular, through tissue and organ to the whole body. Therefore, measurements of size and body composition can be, and have been, used to mark the ability of the system to function. The boundaries of usual body size, structure and composition have been used to define the limits of functional capabilities. Size is a general measure that embraces a combination of the height of an individual, their mass and the relative components of body composition that contribute to that mass. In a simple, practical way, the composition of the body is determined by the relative size of its constituent tissues and organs, which, for convenience of measurement, have been captured as the lean tissue mass and the adipose tissue mass. To better understand the nature of the relationship between size and health, the ability to measure stature, lean mass and its components, and adipose mass and its components, simply, reliably and with validated methods represents a practical challenge in the application of basic biology to better define, prevent and manage health and ill-health. The ability to measure body composition with reliability using seemingly simple, relatively non-invasive approaches is fundamental to characterising health and identifying the risk of ill-health at an early stage, both for individuals and for populations.
BUILDING A BODY
Together with fresh air and clean water, the ongoing availability of wholesome food is fundamental to life. Growth starts from the time of conception, and how we grow determines the quality of life we might enjoy and the overall health. The entire process is integrated and organised under driving genetic control and mediated or modulated by the prevailing hormonal milieu. 5, 6 Tanner 2 has eloquently characterised the processes of growth and development and the major determinant factors, and Widdowson 3 has illustrated the extent to which the availability of energy and/or nutrients and their effective partitioning to net tissue deposition modulates the pace and pattern of growth and the broad functional consequences of constrained early development.
The energy and nutrients derived from food enable the multiplicity of regulated and integrated metabolic processes that characterise life, and the ability to assure the delivery of sufficient energy and a suitable pattern of nutrients to every cell in the body represents a minute-to-minute imperative. The demands by cells and tissues for energy and nutrients represent the essence of life, and understanding the nature of these demands and how they are met on a continuous basis captures the science of nutrition. From conception, throughout pregnancy, infancy and childhood, normal growth and development is supported by and enabled by the ready availability of sufficient energy and a suitable pattern of nutrients. Coping with environmental stress and the challenges imposed by infection, psychological stress or environmental xenobiotics and toxins alters both the need for nutrients and the availability of nutrients to cells and tissues. The ability to cope with stress requires an ability to cope with these altered demands while maintaining the integrity and health of the body. Health supervenes when the needs for energy and nutrients are matched by that which can be derived directly or indirectly from the food ingested. However, any failure to meet the demand with the available supply and any significant mismatch that is maintained for a sufficient period of time will lead to a change in body composition, potentially compromising function and ultimately leading to ill-health in one form or another. Measurement of body composition is the simplest and most immediate way in which any prolonged mismatch can be assessed. 5 Any limitation in the availability of energy or any nutrient can and will constrain one or the other aspect of the growth process. The hierarchy of growth and the overall pattern of demand for energy and nutrients to meet the needs for both maintenance and tissue deposition vary with the stage of development and at any point in time. The nature, extent and impact of the constraint will be determined by its timing in relation to the stage of development, the intensity of the constraint and the duration of the period for which it lasts. The achieved size and body composition at any age is representative of the cumulative growth experience to that point and hence is indicative of the historical balance of energy and nutrient intake. Achieved height, total mass, fat mass and lean mass each reflects a different aspect of that experience. Their relative proportions are also informative: mass in relation to height; the relative contributions to body mass from the lean mass or the adipose mass; and the relative distribution of the lean mass among visceral organs and musculoskeletal tissues, 3 or the fat mass among different adipose depots. 7 Separately and together they represent a shadow of the individual's previous nutritional experience, stretching back across their lifetime.
In 2007, the World Health Organization published a series of 'growth standards'. 8 These values were derived from a mixed longitudinal, cross-sectional study of the growth and development of children from six centres around the world. The subjects were highly selected, being the product of a healthy pregnancy and during early life having had the benefit of a healthy environment, having been breast fed and having received appropriate immunisations and medical care. The pattern of gain in height and weight was remarkably similar for children from each population, indicating no particular geographical, cultural or ethnic difference, and has therefore been accepted as indicative of the expected growth of any child that is given reasonable access to appropriate health care within a healthy environment. There is variability in growth within all these populations, and this implies variability in body composition, which has not yet been fully characterised.
INAPPROPRIATE GROWTH: UNDERNUTRITION, WASTING, STUNTING AND OVERNUTRITION
Poor nutrition leads to constrained growth, which during infancy and childhood is assessed in practice as the rate at which length and weight are acquired, and the achieved height and weight in relation to a suitable reference, the World Health Organization growth standards. [9] [10] [11] Children may fail to achieve the standard because they are underweight for their age (undernourished), short for their age (stunted) or underweight in relation to their height (wasted). 12 Wasting A child who is wasted obviously manifests disproportionate growth. By implication, the child has achieved a measure of growth as marked by height, but failed to gain, or lost, weight because of an adverse experience, either because of direct lack of food, infection or other stress leading to loss of appetite and/or nutrient loss from the body. Progressive wasting is associated with progressive functional impairment. This process ultimately leads to a state of reductive adaptation in which impaired systems and compromised integration of those systems result in extreme vulnerability to any perturbation and substantial mortality across the world. 13, 14 During infancy and childhood, large numbers of infants and children die from causes that are most closely related to poor sanitation and poor environmental conditions, respiratory infection, diarrhoeal diseases, infectious diseases, including measles and HIV, and parasitic diseases. [15] [16] [17] [18] For many, the susceptibility to any of these conditions is made worse by preexisting malnutrition of varying severity, and the infection itself exacerbates the malnutrition within a well-recognised vicious cycle of infection-malnutrition. 19, 20 The recognition of the urgent need to address the basic and underlying problems giving rise to this unacceptable situation formed part of the basis for the global adoption of the Millennium Development Goals (MDGs). [21] [22] [23] Reliable measures of growth failure and altered body composition are critical for the identification of the existence of the problem, determining the magnitude of the problem and assessment of progress towards correcting the problem. The simplest measure is growth as a gain in weight. However, there is a need to differentiate low weight associated with stunting, from wasting or the more recent loss of weight. Wasting might be corrected in the short term, but correcting stunting is a greater challenge and thus the differentiation can be of great programmatic importance. Recent weight loss, eventually leading to severe acute malnutrition, carries an imperative for immediate or urgent life-saving action. 17 Inadequate growth of longer duration, marked as stunting, carries a lifelong scar of lost opportunity if not addressed effectively. 24, 25 The focus provided by the MDG has enabled acceleration and, in some situations, great progress in addressing the health problems posed by infectious and communicable diseases. 23, 26 Substantially, this has been driven by science, which has enabled and refined classical public health approaches based upon improved sanitation, water supplies, vector control, immunisation and targeted therapeutic interventions. There remains the need to be able to critically assess the nutritional dimension and quality of different therapeutic and preventive strategies, through more refined characterisation of the body composition, before, during and after alternative interventions. 22, 27, 28 The treatment of severe acute malnutrition, either in the community or in hospital, with standard therapeutic regimens leads to rapid recovery in weight, but slower recovery in height, with a body composition that tends towards inadequate lean tissue and excess adiposity. 13, 29 Stunting Length and height are not easy to measure as a routine with reliability, and it has been difficult to determine the extent to which differences in patterns of linear growth across societies are a consequence of inherent biological characteristics or a reflection of environmental factors. Martorell compared the heights of boys aged 7 years across a number of societies, contrasting the height of those from higher social groups with those from lower social groups. There was little difference across populations for the higher social groups, all of which were similar to the current reference 50th percentile for height, but for every society those of the lower social group were substantially shorter, but to a varying degree, and on average only achieved the 25th percentile at best. 30 This suggests strongly that failure to achieve the potential for height growth can be ascribed to social or other environmental determinants and cannot be simply attributed to genetic or biological factors. 24 Indeed, it is well recognised that in Europe and North America there has been a secular change, with adult height being greater by around 1-2 cm each decade, for the past 100 to 150 years. 2, 31 This progressive increase has matched the improved nutrition and healthier environment associated with social progress. There is evidence that this trend may now have stopped in northern Europe, at an average adult height around 1.8 m. It is suggested that this height is reached for a population about 18-20 years after the neonatal mortality rate had fallen to less than 4/10 000 live births, suggesting strongly that factors operating during early growth and development enable greater linear growth and final adult height. 32 These observations invite the question of the extent to which the variability in growth seen within and between population groups and populations, and their consequential health risk, is potentially avoidable by enabling better growth and body composition from the earliest years of life.
Differences in height are also associated with differences in bone mass and the mass of lean tissue, both as viscera and skeletal muscle. Shorter individuals usually have less bone, smaller organs and less skeletal muscle. Limitations in linear growth therefore have functional consequences, as the capacity of each system is less than that seen in taller individuals. The extent to which defined changes in functionality match the secular changes in height remains an open question, and invites the speculation as to what are the important aspects of differences in linear growth and body proportions that mark differential risk. The personal, health, social and economic cost of stunting has been well described. 25, [33] [34] [35] Impaired cognitive development It is now accepted that constrained linear growth marks more extensive limitations in the maturation and functionality of tissues and organs. Shorter individuals have higher mortality rates and greater morbidity. 36 Their lifetime opportunities and social mobility are constrained, and their lifelong earning potential is less. 37 It can be shown that from a very early age there is an associated impairment in cognitive development that can be partially reversed, but this becomes increasingly difficult as time passes. On the basis of stunting, it is estimated that around the world, the number of children under 2 years of age with significant loss of lifetime opportunities is around 200 million. 34, 35 Adiposity One great success over the past 20-30 years has been substantial progress in reducing the numbers and proportions of young children who are underweight around the world. Intervention programmes have been successful in decreasing infections and increasing the amount of food available. Children have gained weight and grown better, but this improvement has not always given adequate attention to the quality of growth, enabling gains in weight that have not always necessarily been associated with equivalent gains in length or height. [38] [39] [40] [41] This has led to disproportionate growth, best characterised as children who remain shorter than is appropriate for their age, but achieve a weight that is appropriate for their age: that is, children who are short and heavy for their height with greater adiposity. 39, 42, 43 Although weight gain has been achieved, the energy has not been appropriately partitioned to a pattern of tissue deposition that is best associated with good health. This phenotype appears to carry a significant metabolic risk, which is being expressed at an ever younger age, 44 and therefore there is a critical need to identify its determinants. Increased attention to the quality of the diet and its micronutrient composition in particular has sought to determine whether it is possible to achieve better linear growth and improved body proportions. [45] [46] [47] [48] This presumes an adequate understanding of the energy and nutrient patterns of the diet related to the pattern of demand for growth at different ages or during vulnerable periods, with time-sensitive options for intervening to achieve a normal growth phenotype. 49, 50 The publication of the World Health Organization growth standards 8 demonstrates clearly that given a preferred health environment, children across the world grow in height, weight 48, 51 and developmental milestones in a similar way. This has been enabled by the march of scientific, social and economic progress and has in turn provided the driving force for further development and progress in its own right. The longevity that this has enabled, the improved availability of food (greater food security) and wider lifestyle opportunities have created the increased opportunities for the emergence of the chronic non-communicable disease (CNCD). The strong association of CNCD with increased body mass index (BMI), and their reversal when a more normal body weight is achieved, indicates that the factors that determine BMI are directly related to the risk of ill-health. 52 The prevention of ill-health or its early identification to enable suitable therapeutic management will require improved measures to enable a better understanding of the immediate biological and social determinants.
VARIATION WITHIN THE NORMAL RANGE
The observation that extremes of shape and size are linked to illhealth appears unremarkable, although the boundary between normal and early abnormal may be difficult to define with precision. 1, 53 However, the idea that differences in susceptibility to chronic ill-health might be related to variations in shape and size across the usual range is more difficult to consider. On the basis of epidemiological evidence using ecological studies and retrospective cohort studies, Barker and colleagues have presented evidence that for both men and women, there is a strong relationship between size at birth and death during adult life from heart disease and other CNCDs. [54] [55] [56] [57] The remarkable nature of these observations is that they are seen as a graded effect across the range of birth sizes that are considered to be normal, and not simply an effect of the extremes of very high or very low birth size. Energy and nutrients are required for normal growth, and the implication of these observations is that there is a demonstrable effect across the usual range of variation in the availability of energy and nutrients for those factors that determine growth and those factors that determined risk of cardiovascular disease. The nature of any causality could not be determined, but now the observations have been replicated across a sufficient number of animal models and human population groups that Barker's hypothesis of fetal or early-life origins of adult disease is established as characterising a phenomenon of major importance to risk of ill-health. Variability in dietary exposure, before and during pregnancy, measured either as differences in dietary intake or as variability in metabolic phenotype and body composition are causal determinants of CNCDs, such as cardiovascular disease, type 2 diabetes, respiratory ill-health, some cancers, bone health and aspects of mental health. 29, 58, 59 Many of these conditions are co-morbidities with obvious perturbations in body composition, such as obesity, but the fundamental mechanisms remain to be determined. 60 Patterns of diet and differences in body composition operate over long periods of time, and it is difficult to obtain reliable information on their summative effects over time. Data that have been collected routinely for the monitoring of the health of populations have been very helpful in determining some of these likely effects. For example, there are high-quality data on growth and later health in a large number of Finnish people over extended periods of time. These show that those who eventually go on to develop heart disease or type 2 diabetes show different patterns of growth in terms of height, weight and their relative proportions, sometimes from before birth. 55 There is evidence that intergenerational considerations exert an impact, and thus the sons of mothers who are shorter and heavier for their height, compared with the sons of mothers who are taller and heavier, have a much increased risk of dying from cardiovascular disease during adult life. 61 Shortness and fatness are features of countries in transition, and may represent a time-related vulnerability associated with development. 38 The extent to which there are major ethnic, cultural or geographical differences has been emphasised by Yajnik et al. 62 who have shown that pregnant women and newborn babies in India appear to have very different phenotypes, which may be related directly to their risk of ill-health in the longer term. The patterns of growth and body composition for India are clearly different from that seen in Europe. Indian babies have been characterised as having the 'fat-thin' phenotype, relative excess of adiposity (especially central adiposity) with a limitation in lean mass (especially muscle mass). In a prospective study, the relationship between the health and nutritional well-being of women during pregnancy, the size and proportions of the newborn baby and its subsequent growth were determined. On average, the babies in their population were smaller than a comparison group in the United Kingdom in every regard, but in relative terms there was differential preservation of fat mass compared with length or any aspect of lean mass. This phenotype appears to persist throughout life, being associated with increased risk of type 2 diabetes. 62, 63 The use of BMI has been valuable as a measure of relative weight independent of height and has increasingly been used to mark relative adiposity. When used in this way, assumptions are made about absolute and relative body composition. These assumptions impose limitations on understanding, and the extent to which accepting the assumptions may limit generalisations needs to be carefully considered. Compared with the UK adults, the average adult from India of similar height, weight and therefore BMI will have greater fat mass and greater central fat distribution, 63, 64 indicative of increased risk of heart disease and metabolic syndrome. The substantial differences in lean and fat patterning are demonstrable at birth and therefore cannot be related simply to aspects of diet or lifestyle during adulthood. 62 It has been considered that this difference may be a particular ethnic or genetic characteristic. [63] [64] [65] However, when we explored in some detail the body composition of older men in the United Kingdom whose birth weight was known, 66 there were substantial differences in body composition for the same body mass, depending on whether at birth they had higher or lower birth weights within the normal range. Thus, for the same height, weight or BMI, those of lower birth weight had less muscle mass, more fat mass and more central fat mass. These compositional differences were directly associated with functional measures indicative of an altered or different nutrient cellular microenvironment. 67 Thus, independent of current height, those of smaller size at birth had a phenotype indicative of increased risk of metabolic syndrome.
Despite these strong and reproducible associations, it is clear that there is a greater level of complexity that relates the body composition phenotype to disease risk. Diet, nutrition and physical activity are considered to cause around one-third of cancers, with high levels of risk with obesity and physical activity. 68 These associations and risks are similar to those for other CNCDs. There are also demonstrable associations between size at birth and risk of some cancers. For other CNCDs, the risk is greatest with lower size at birth, yet for cancer, those with greatest size at birth appear to carry the greatest risk. 58 More detailed characterisation of the relationship between increased adiposity and risk of cancer in a number of studies suggests that increased central obesity may account for much of the relation for cancers of the breast, colon, endometrium and ovary. 58 MacInnis et al. 69 explored the relationship between measures of body size and colon cancer in adult men. When divided into quartiles, there was a graded increase in the relative risk for colon cancer in the highest quartile for height, the highest quartile for fat-free mass and the highest quartile for waist:hip circumference. Height and fat-free mass appeared to be marking a similar risk, and when fat-free mass was entered into a multiple regression analysis, height no longer made an independent contribution to risk. In contrast, there was an independent relationship between waist:hip circumference and risk of colon cancer, which could not be accounted for either by differences in height or differences in fat-free mass. This suggests that height or fat-free mass may have a relationship with cancer of the colon, which is independent of the relationship between waist:hip circumference and cancer of the colon. If so, height and waist:hip circumference may mark different factors, or underlying metabolic differences may lead to differential partitioning of macronutrients. The selective partitioning of macronutrients among those susceptible to adiposity, compared with their leaner counterparts, is an established concept, often articulated as the P-ratio. 70 Although the underlying factors that account for these differences are not clear, their importance is being recognised increasingly. The INTERHEART study, a large international, standardised case controlled study, designed to address the risk factors for coronary heart disease, recorded 15 152 incident cases of myocardial infarction around the world. 71 Within each category of BMI, from less than 20 to over 30, there was a graded increase in the odds ratio for myocardial infarction in relation to waist:hip circumference. Together, these data suggest that height, adiposity and waist:hip circumference mark different aspects of metabolic regulation and control, and possibly differences in the nutritional microenvironment for cells. Different anthropometric measures appear to mark different aspects of the effects on the phenotype of separate intergenerational experiences at different stages of the life cycle. Although there is certainly a degree of overlap, as a first approximation, general adiposity reflects energy balance directly related to current patterns of activity and dietary experience, for which social drivers are of immediate concern. In contrast, waist circumference is more likely to reflect a statement pertaining to the programming of metabolic regulation, possibly a consequence of epigenetic effects operating during pregnancy or other stages of early life. On the other hand, length or some aspect of fat-free mass represents a longer experience acquired or maintained through generations, and, similar to the secular changes in height, these characteristics may only be modifiable across generations. This would be a reflection of dietary habits over a more extended period of time against the background of social or sexual behaviour and would require a broader change in social opportunities or the removal of stressors for significant modulation.
MILLENNIUM DEVELOPMENT GOALS Underdevelopment (http://www.undp.org/content/undp/en/home/ mdgoverview.html) at an individual and societal level is both a human and an economic tragedy reflecting limited capability to take best advantage of the available opportunities. The MDGs 23 were adopted by the international community at the turn of the millennium, with the objective of setting defined targets through which improved individual and structural societal development might be achieved. Within an interconnected global community, human progress cannot only be determined by the extent to which the aggregate goods or well-being improve, nor by the success of the highest achievers, but by the extent to which the situation of the most vulnerable is improved. Poor nutritional status of individuals, groups or the entire population marks the extent to which basic human needs and rights have been adequately addressed. Nutritional well-being, both quantitatively and qualitatively, can and has been used to mark the extent of progress in this regard. All eight of the MDG have either a direct or indirect relationship to food sovereignty, food security and/or nutritional security at the individual, household, group and national levels. The ability to effectively tackle the nutritional problems thrown up by natural or man-made emergencies has demonstrated the effectiveness of the system to respond in a focussed way to address these challenges. Translating this experience to the development context and considering the longer-term sustainability and wider impacts is more problematic. Review of progress towards the ambitions set to be achieved by 2015 shows mixed progress, 23 but one focus that has emerged is the vulnerability of early growth, and the importance of establishing a healthy growth trajectory from very early in life: captured as the aspiration articulated within the 1000-day advocacy programme (http://www.thousanddays.org/). The nutritional status that a mother brings to her pregnancy at the time of conception, the nutrients she can make available to her unborn child, nutrient reserves she has available to sustain lactation and the nutrients she ingests as food during pregnancy and lactation, separately and together, mark aspects of the lifelong opportunity for health that she is able to make available to her child. 72 The body composition of mother relates directly to the body composition of the child, and its opportunity for healthy growth during the first 2 years of life, setting in train the likelihood of healthy growth, or risk of ill-health and other constrained lifetime opportunities.
THE UN HIGH-LEVEL MEETING ON CNCD
There are examples of the great success of food and nutrition interventions over the past 50 years. 73 First, the extent to which major famine has been averted and, second, how an increased availability of sufficient food, in terms of quantity, has been achieved for many populations across the world. This has been associated with a shift in the entire distribution of weight in whole populations. One consequence of this has been that, as undernutrition is being averted as the dominant nutritional concern, overweight and obesity is supervening as the major problem, with the slower burn of risk of CNCD. CNCDs are now increasingly common at ever younger ages, with the significant health risks associated with obesity and type 2 diabetes becoming usual childhood problems in increasing numbers of population groups. 44 The magnitude and seriousness of the problem is exemplified by the resolution adopted by the General Assembly of the United Nations in September 2011. 73 This makes it clear that there is a critical need to understand the problem better in order to enable it to be prevented and managed more effectively. It is clear that weight or weight relative to height is marking a problem of considerable importance, yet the simple characterisation of weight in relation to height may be an inadequately sensitive characterisation of the problem, both for the individual and for different population groups. The greatest health risk appears to be carried by those who have disproportions in their body composition. This can be expressed in a number of ways, but clearly the relative partitioning of nutrients to growth in length, to growth in terms of lean tissue (especially muscle) and to growth in terms of accumulated adipose mass carries different implications from one context to another. With good-quality care, preterm infants can be supported to gain weight, but the overall quality of this weight gain tends to compromise linear growth and lean tissue growth with a relative excess of adipose. This appears similar to newborns in India, or babies born smaller in the United Kingdom. Malnourished children can be effectively treated, and readily gain weight, but the weight gained tends to be limited in terms of linear growth, with poorer repletion of lean tissue than of adipose tissue. Similar patterns of tissue repletion are found in recovery from undernutrition at any age, and this is especially likely following a period of cachexia, where there has been severe, active loss of lean tissue. Relative inactivity and poorer diet in older people have been directly associated with loss of lean tissue, especially muscle, characterised as sarcopaenia, which may be completely masked by relative adiposity, giving rise to the term sarcopaenic obesity. Each of these represents different processes that result in a disordered body composition. Each appears to reflect a complex interplay or specific nutrient limitation, inactivity and inflammation in different proportions, and each reflects limitations in metabolic regulation and function. It is far from clear whether the therapeutic approach should be similar or different from one situation to another, nor the extent to which a preferred body composition and functionality can be returned with appropriate interventions. There is a scientific agenda to be addressed to complement the wider social and economic agenda implied by the resolutions of the UN General Assembly.
DOUBLE BURDEN OF MALNUTRITION
It has become increasingly clear that one great conundrum within public health is the finding that for all societies, the nutritional problems embrace the entire spectrum from undernutrition to overnutrition, 74 and within all contexts, there are varying degrees of specific nutrient deficiencies, which include variable patterns of micronutrient deficiency. The overall balance and pattern of the problem varies, but it does mean that within most societies individuals with undernutrition, and even severe malnutrition, live alongside even greater numbers of people with overweight and disordered body composition. This has come to be known as the double burden of malnutrition, which accepts that undernutrition and overnutrition can coexist within the same society at the same time, within the same population group at the same time and even within the same individual at different times. [74] [75] [76] It is not simply a problem of gluttony or lack of self control, but reflects another order of challenge. It has a biological dimension and it also has social and behavioural dimensions, and most probably it is an intergenerational phenomenon and not simply a question of individual behaviour and choice. Thus, the past decade has seen the value of the concept of the double burden of nutrition-related disease. This has enabled the link between contexts within which problems of undernutrition are frequently seen and contexts in which problems of overnutrition are frequently seen and that they have important commonalities. Indeed, they may be manifestations of different expressions of common biological processes. The factors that lead to problems of overnutrition at one stage of life, or in one context, have commonalities with the factors that increase the risk of undernutrition at a different age or when the context is changed. The insightful work of Barker has enabled this critical link to be drawn between the vulnerabilities associated with poor nutrition at an early age, with a direct link to the vulnerabilities associated with 'overnutrition' at a later age. The early observations generated from epidemiology related size at birth to risk of death from coronary heart disease in both men and women. This was not a feature of the extreme of birth weight, but a gradation across the entire birth-weight range, with a doubling in the rate of coronary heart disease for those born lighter compared with those born heavier. This implies that the factors that contribute to the normal variation in size at birth relate in some way to the factors that predispose to CNCD. Despite robust debate, these observations have been found to be generalisable across a wide range of contexts, and can be reproduced in one form or another for all the major noncommunicable diseases. The biology that is thought to underlie the developmental changes that predispose to the pathophysiological processes that lead to the clinical disorders has been reproduced in animal studies. Experimental dietary manipulation within the usual range of consumption seen for vulnerable human population groups during pregnancy or at different stages of life replicate this biology. Structural changes can be induced, which are directly associated with consequential functional change. The cumulative structural changes are manifested as modifications in body composition in one form or another, but there are substantial complexities against the background of this general biological phenomenon.
VALIDATION OF MEASURES OF BODY COMPOSITION: STANDARDISING THE PROCESS
On the basis of the health opportunities and risks of ill-health covered above, there is clearly a need to be able to assess body composition in order to be able to mark a complex process that is increasingly recognised as being a central feature of defining the relationship between health and disease. Within this framework, the simple relationship between weight and height provides an important summary statement about an individual's past nutritional intake, but also about their current metabolic function and therefore their current well-being, and based upon this, their risk of health or ill-health going to the future. Moreover, although relative indicators, such as BMI, provide useful information, more refined articulations of body proportions indicative of variable body composition, such as lean mass index or fat mass index and their relationship to height, can be even more informative. Increasing sophistication of instrumentation, enabling more detailed and refined measures of body composition, has made it possible to relate the structural phenotype of individuals and groups to their functional phenotype and risk of ill-health in greater detail.
Of critical importance for this understanding and comparisons between the same people at different points in time or among different people in different places is the ability to make these seemingly simple measures with consistency and validity. This still represents a work in progress, because, to date, it has not been possible to ensure that different techniques used for assessing similar aspects of body composition provide comparable results. There is of course a significant problem of determining a suitable standard or reference against which to judge or compare different methodologies. There is not, nor is there likely to be, an absolute series of measurements against which others can be compared. A more difficult consideration is that it is not clear the extent to which the same measure is marking similar components of body composition, and similar functional risk within and between groups. As has been shown above, this variability might be based on geographical considerations, ethnic group, social class, genetic or intergenerational considerations. These problems will be overcome with time, but it is necessary that first they be acknowledged, in order that they can be addressed. Being addressed will require considerable co-operative effort. In time, body composition will take its place within a phenomics approach to be integrated with the other body of information that characterises and defines the nature and state of people, singly and as members of a group or class of individuals. Undoubtedly, a depth of insight and understanding will be obtained from highly sophisticated methods, but there will always be the need to have available simple methods that can be applied at low cost to large numbers of people as a routine in relatively remote locations. First among these is the ability to measure length or height and weight with consistent reliability: a seemingly simple procedure that should have simple resolution. The next challenge is to capture relative proportions or components of body composition, such as fat mass and lean mass, readily and reliably. Bioelectrical impedance analysis is one of the simpler methods to apply, which offers great opportunity and potential in this regard.
POSSIBLE OPTIONS AND ADVANTAGES OF BIOELECTRICAL IMPEDANCE
The attraction of the use of bioelectrical impedance is the seeming simplicity of obtaining an indicator of body composition, rapidly, non-invasively and repeatedly with instrumentation that is robust and portable. The disadvantage of the method is that the measurement is seductively easy to make, and hence it is possible for it to be applied uncritically without necessary consideration of the factors that might lead to variable results and misinterpretation. It is undoubted that it is possible to measure the impedance of an individual at a range of frequencies with reliability. The values obtained will be dependent upon a range of intrinsic factors, which include, but are not limited to, both absolute and relative compositional considerations at the molecular and cellular levels. It is highly likely that impedance values can generate information on body structure, composition and function when interpreted appropriately, but this is where challenges arise. Attempting to use measured impedance values to estimate individual elements of body composition relies on multiple assumptions and undervalues the impedance measurement itself. The need in practice is to adequately understand the nature and interplay of the variables that can influence the values obtained for impedance and their interpretation. There is the need going forwards, for this to be standardised to the point where the information can be interpreted in a meaningful way in relation to an individual's health and well-being. For normal people in good health, it has been possible to generate comparison references for selected populations. It is also possible to understand and interpret a number of situations in which composition deviates from that expected, or where the physiological or pathological state is perturbed in a systematic way. The limit of these interpretations is currently the subject of exploration. It can be expected that when sufficient data are to hand for well-characterised situations, that these methodologies will have increased utility and will come to represent reliable statements of phenotype and function, able to reliably indicate variability among individuals and groups in health at different stages of life, and also to characterise with reliability a wider range of risk or actual ill-health. One of the great potential strengths of the methodology is that the overall measure reflects both the structure and the functionality of the body, not one or the other. Therefore, bioelectrical impedance analysis has the potential to characterise the limits of the integrity of the system in a way that is not captured with any other methodology. However, to fulfil this promise, it will require a more detailed understanding of the underlying assumptions and their robustness and how the basic measurement of bioelectrical impedance changes from one state to another.
CONCLUSIONS
The most significant challenge ahead is the acquisition of the ability to measure body composition easily and with a similar degree of reliability in all population groups, allowing the characterisation of differences with confidence. This would allow the determination of the critical factors that are associated with variability, and the extent to which they might be innate or acquired in relation to a range of environmental factors that act within the individual or across generations. With this information, it would be possible to study the nature and extent of the relationship between variability in the risk of ill-health or patterns of disease and mortality. This would make it possible to determine the extent to which appropriate interventions can modulate any changes in pattern at different ages. Bioelectrical impedance analysis offers a potential way forward in this area, but requires further validation and standardisation. When measuring body composition, it is important to consider it alongside assessments of nutrient intake. There are few functional or structural measures that can be used simply and reliably to capture the adequacy of different dietary patterns. Assessing nutrient requirements, or dietary patterns that best enable the achievement of a preferred body composition at any age, would be of great value. This would make it simpler to understand how differences in shape and size emerge and add to the insights provided by Barker and others that relate the different pathways of growth and weight gain leading to different CNCDs. There is the need to extend the World Health Organization growth standards to generate normative information on the pattern of body composition, to better enable an understanding of the implications and consequences of variability in body composition at different ages, in shorter and longer term. In addition, there is the need to know the nature, timing and intensity of interventions that can move individuals and populations towards a better trajectory and pace of growth, as well as the body compositional implications of those changes. There is pressure to bring about change quickly, but how much can be achieved within a single generation without unacceptable cost to health, and how much needs to be achieved across generations? The underlying reasons for these differences are not clear, but point to the need for a better understanding of the relationship between molecular and cellular change and the body composition phenotype. During early life, as developmental processes pass through specific windows of opportunity, the timing of any insult may determine both immediate and longerterm effects. Factors involved can exert powerful influence with the potential to constrain the structure, capacity or capability for any individual tissue or organ system. The effects of those that exert their effects during early life may lead to poor growth, most obviously seen as shortness or differences in weight or body composition, with these patterns relating to the timing of maturational and developmental processes.
